Abstract: A metafrontier slack-based efficiency measure is presented to measure environmental efficiency for various regions in China.
Introduction
Since the reform and opening-up policy, China's economy has maintained rapid growth, but progress is based on the consumption of resources and environmental pollution. Extensive economic growth reduces the potential of economic sustainability, so improving the environmental efficiency of regions is an inevitable requirement for sustainable development.
According to the Ministry of Environmental Protection's report, the cost of environmental pollution continues to rise and pressure to control it is increasing. The cost of ecological environmental degradation and ecological destruction in 2010 was about 1538 billion Yuan, 3.5% percentage of GDP [1] .
Since early 2013, the hazy weather over most regions in China has greatly impacted residents' living conditions and economic development. This impact reflects the fact that rapid industrialization has caused severe environmental problems. Most provinces are now facing these serious environmental problems. The extensive mode of economic development, irrational industrial structure, and irrational energy structure will cause even greater environmental pollution.
With the increasing environmental pollution, environmental efficiency has become one of the important academic subjects. Environmental efficiency is critically important because environmental improvement brings potential benefits to social and economic development. Higher environmental efficiency reflects the quality of economic development. The aim of this study is to propose a new approach, metafrontier slack-based, to measure environmental efficiency for China's regions.
The rest of this paper is organized as follows: Section 2 presents the related literature review, Section 3 explains the methodology, Section 4 presents an empirical study using the proposed metafrontier approach to analyze China's regions from 2001-2011, and Section 5 concludes with some policy suggestions.
Literature Review
In previous efficiency analysis studies, Färe et al. [2] and Krüger [3] employed the Malmquist index to analyze the total-factor efficiency and productivity of industrialized countries. However, these authors neglected to address the environmental impact of undesirable output in their efficiency analysis, so there were some limitations to their studies. To take into account the growing concern regarding environmental impacts, undesirable outputs should be incorporated into the environmental DEA framework [4] . In order to consider undesirable output variables, an output-oriented, directional, distance function has been proposed to solve the problem of assessment efficiency of undesirable outputs [5] . Kumar [6] used the directional distance function to derive the Malmquist-Luenberger (ML) productivity index and break the total-factor productivity (TFP) down into measures of technical and environmental efficiency changes. Chung et al. [7] proposed a directional distance function (DDF) to label environmental pollution as an undesirable output, taking into account that ignoring undesirable outputs will lead to biased results. The DDF has also been used for measuring eco-efficiency [8] .
However, the above approaches were based on radial efficiency measures and suffered the limitation of overestimating environmental efficiency because they neglected the slack variables that are an important source of inefficiency [9] . To overcome this problem and in order to improve the accuracy of environmental efficiency, Tone [10] first proposed the slack-based measure (SBM) model, which incorporates slack variables to measure technical efficiency. Li and Hu [11] incorporated undesirable outputs into the slack-based model (SBM) to measure ecological total-factor energy efficiency. Zhou et al. [12] also incorporated undesirable outputs into the basic SBM to calculate environmental performance. Some recent studies have employed the SBM to calculate environmental efficiency and carbon emission performance [13] [14] [15] . Using the SBM approach can improve the accuracy of environmental efficiency measurement. Although there is much progress in measuring environmental efficiency, some methodological limitations persist. A notable limitation of [13] [14] [15] is that they did not consider regional heterogeneities in production technology. If technological heterogeneities are not considered, the estimated environmental efficiency may be placed under the unified group "frontier technology" [16] ; the estimated efficiency may be biased because group heterogeneity may lead to differences in production technologies [17] . For China, this situation is especially significant. There are large differences among provinces in the production structure; some provinces have more FDI and fixed asset investment to develop industry while others have more rural industry. Thus, there are large heterogeneities in production technology among provinces. The single technology approach, wherein the production technology is assumed to be the same, is therefore not accurate. Some studies have used the metafrontier approach to incorporate technology heterogeneities to overcome this limitation [18] [19] [20] [21] . However, these studies have not combined the metafrontier approach with the SBM framework. Thus, this study proposes a metafrontier SBM, incorporating regional heterogeneities to measure China's environmental efficiency. This new approach can simultaneously incorporate slacks, undesirable outputs, and group heterogeneities of regions into an environmental efficiency analysis framework. Furthermore, this new approach has better discriminating power because it employs global environmental technology as the reference technology.
Methodology

SBM Model
Many studies have adopted the data envelopment analysis (DEA) approach to analyze environmental efficiency. Song et al. [22] provided literature reviews on energy and environmental performance using the DEA method.
The non-parametric DEA method is employed in our research to construct the frontier for ecological total-factor efficiency. The basic idea of this method is to use a metafrontier slack-based model to calculate the efficiency index incorporating regional heterogeneities. In this paper, we propose a new approach by combining the concept of metafrontier environmental technology and the SBM method; we refer to this as the metafrontier SBM model (MSBM).
Suppose that there are N provinces and that each has three factors-inputs, good outputs, and bad outputs (pollutants)-which are denoted by three vectors.
The SBM model incorporates the slacks for undesirable outputs as follows: 
Subscript "0"
The decision-making unit whose efficiency is being estimated in the model; Zn A non-negative multiplier vector for construction linear programming.
Model (1) is an SBM model with undesirable outputs and can be solved using the linear transformed model [10] . If The environmental efficiency (EE) for region i at time t can be defined as the ratio of target pollution output to actual pollution output. EE can be measured using the following equation:
Thus, the target pollution (SO2, COD) output for each region can be calculated from Model (1) and is defined as:
Target SO output = Actual SO outputt ( , ) SO output slack( , )
If Slack (i,t) = 0, which indicates that the gap between the actual frontier and target frontier does not exist, the DMU is efficient.
Metafrontier SBM Model
Cooper et al. [23] incorporated the undesirable output into the SBM framework. O'Donnell et al. [18] introduced the metafrontier approach based on DEA. We now combine the concept of the metafrontier DEA approach with that of the undesirable outputs-SBM model to develop several indices of metafrontier environmental efficiency (MEEE) and investigate the regional heterogeneity of China. For this purpose, as shown in Figure 1 , we define two frontier technologies: metafrontier and group frontier technologies. Suppose that K groups show some technological heterogeneities. In such a case, the provinces in certain groups may not access other groups' technologies due to their own technological, resource, and other environmental constraints. Like Zhang et al. [24] , we define the group frontier technology of group k as , k = 1, 2,… K. Assume that Tk is nonparametric production technology. Then, the group frontier environmental efficiency for specific group k (GEEEk) using Models (1) and (2) can be defined as follows:
Actual pollution output ( , )
Unlike the case of group frontier technology, we construct a metafrontier technology that can envelop all group frontier technologies. Thus, the metafrontier can be defined as
Suppose that each group k has Nk observations. The nonparametric metafrontier technology can be expressed as follows:
k n z is a nonnegative multiplier vector for constructing metafrontier technologies. Model (6) indicates that the metafrontier needs data from all provinces across all groups. All group frontier technologies are covered by the production possibility set of metafrontier technologies. Combining Model (6) and analysis by O'Donnell et al. [18] , in order to make the metafrontier smooth, we impose the convexity constraint of VRS assumption, as shown in Model (6) .
Combining the SBM Model (1) and the metafrontier technology Model (6), we propose the MSBM model. We also incorporate global environmental technology into the MSBM model to improve the discriminating power and comparability of intertemporal observations. The global MSBM can be measured by solving the following DEA model: 
After solving Model (7) using the linear transformed model, the optimal solutions under metafrontier technologies can be obtained. Thus, we develop the Metafrontier Environmental Efficiency (MEEE) index for environmental performance as follows:
The traditional method uses the same technology to measure efficiency. However, if the observation lies under different technology, the result will be biased. The advantage of the metafrontier approach is to access the efficiency of all observations across different groups under different technologies; in addition, it can estimate the technology gap of each group.
Decomposition of MEEE
In line with O'Donnell et al. [18] , environmental efficiency under metafrontier technologies can be divided into within-group environmental efficiency and the metatechnology ratio (MTR) shown in Figure 1 . Within-group environmental efficiency measures the relative environmental efficiency of observations under specific group frontier technologies. MTR represents the technology gap ratio between the frontier technologies for different groups relative to the metafrontier technology; MTR = 1 implies that no technology gap exists between group frontier technology and metafrontier technology. The higher the MTR, the closer the group frontier technology to the metafrontier technology.
The Metafrontier Environmental Efficiency (MEEE) index can be broken down into a within-group energy efficiency index and an MTR index. The formulation can be expressed as follows:
Next, we define the technology gap pertaining to environmental efficiency (TGEE) for each group as follows:
The TGEE measures the technology gap in environmental efficiency between group frontier technology and metafrontier technology. The higher the TGEE, the further the distance between the group frontier technology and the metafrontier technology, while TGEE = 0 indicates that no technology gap exists between the two technologies.
Empirical Findings
Data and Materials
We first collected the data for the inputs and outputs described in our framework. The data consisted of 29 provinces and cities in mainland China. We assumed that the production model involves three kinds of input: one output and two undesirable outputs. The input data include capital stock (K), labor population (L) and energy consumption (E). Almost all the literature on energy or environmental efficiency measurement uses the three inputs. Population data has a strong relationship with labor data, thus it is not suitable to use labor and population together in the model.
The capital stocks were procured from Wu [25] , while the data after 2006 were estimated using the perpetual inventory method. Labor population was from the total number of employees. The energy consumption includes all energy sources that can be selected as the energy input, such as coal, oil, and gas. The energy consumption of all types is calculated as tons of standard coal (TSC). The real GDP, based on the constant year 2000, is used as the desirable output. For the undesirable output, we use SO2 emissions and COD to measure environmental energy efficiency. The pollutants data were sourced from the National Environment Statistical Yearbook (2001-2012) [26] . The GDP, capital stock, and labor population were sourced from the National Statistical Yearbook (2001-2012) and converted to 2000 constant prices with deflator [27] . Table 1 shows the descriptive statistics of input and output data. Table 2 shows the input-output correlation matrix, which indicates a significant correlation between input and output. 
Regional Heterogeneities in China
In order to calculate the MEEE index to measure environmental efficiency, we classified the groups and determined the group members. Depending on the traditional classifications of Chinese regions, the 29 regions were divided into three groups: eastern area, central area, and western area. Geographical closeness was used as the criterion for categorizing the groups. The eastern area contains the most developed regions in China; it is composed of 11 regions (e.g., Beijing, Tianjin, Hebei, Shandong, and Guangdong). The eastern area possesses the best infrastructure in China and accounts for half of China's GDP; thus, almost half of China's foreign trading, modern service industries, energy usage, and pollution emissions are produced by the eastern area. The central area is composed of nine inland regions (e.g., Shanxi, Neimenggu, Jilin, and Heilongjiang). This area has had a good foundation of intensive heavy industry since 1979. Like the eastern area, it is also very industrial, but it also has the characteristic of foreign direct investment (FDI), technological development, and lower management. The western area is composed of 10 regions (e.g., Shanxi, Gansu, Qinghai, and Inner Mongolia). Although the western area has good natural resources, more than half of the territory, and lower population density, this area is nonetheless the least developed of the areas. Thus, the three areas show heterogeneities in their level of development.
Group Frontier Environmental Efficiency
The group frontier environmental efficiency (GEEE) is calculated for each region based on models (1), (3), and (4), which are estimated under group technologies based on data only for specific regions. As shown in Figure 2 and Table 3 , the average GEEE of each province is about 0.589. Some provinces in different areas have a GEEE value of unity, indicating that these provinces represent the best practices under within-group technologies. However, in general, most of the provinces show worse performance within their group technologies. The central area performs best compared with other groups, and the lowest GEEE value is for the western area. In sum, the results for the GEEE based on the within-group comparison indicate that the regions show relatively moderate environmental efficiency and the environmental efficiency under different group technologies is heterogeneous.
Metafrontier Environmental Efficiency
To test whether these two groups are operating under the same environmental production technology, the non-parametric Mann-Whitney test is employed with the SBM efficiency result using the pooled data. The result shows that the null hypothesis of a single technology is rejected at a 1% significance level, showing the necessity of constructing group frontiers separately for each group using the metafrontier technology. That is to say, the level of environmental efficiency measured under one frontier cannot be compared with that for another frontier because of regional heterogeneous technologies. Therefore, we introduce the environmental efficiency (MEEE) measured under metafrontier technology, as shown in Table 4 . As expected, the average MEEE for regions is lower than GEEE, indicating the existence of a technology gap between the metafrontier and group frontiers. For instance, with respect to the average MEEE from 2000-2011, the MEEE varied from 0.138 to 0.962 (average = 0.399), indicating that all provinces together showed an average increase of 60.1% in environmental efficiency under global metafrontier technologies. There is a huge potential improvement of MEEE after effective policies are taken.
As shown in Table 4 , the eastern regions are more efficient, showing the highest MEEE values. On the other hand, the western regions show poor environmental performance, with average MEEE values of 0.275. The average MEEE of the central area lies between the other areas. This conclusion confirms the Porter Hypothesis (Porter & van der Linde, 1995), which states that appropriate environmental regulation can encourage more innovation to improve productivity. Furthermore, this conclusion also provides evidence in favor of the environmental Kuznets curve hypothesis, which posits that environmental improvements occur after a certain level of economic development. Figure 3 shows MEEE trends under metafrontier technologies from the group perspective. Before 2005, the eastern area had the highest MEEE, followed by the western area and central area. After 2005, the eastern area was followed by the central area and western area. From the MEEE trends, it is clear that the year 2005 was a key turning point of MEEE. That is, environmental efficiency significantly increased. One possible explanation might be the policy changes. Before 2005, with the development of industries and infrastructure, industrialization and urbanization were the main factors driving of China's economic growth. Thus, the consumption of energy and resource were very high in that period. The main reason for this result is that eastern areas have more economic foundation and government management to implement the policy of sustainable growth, but the central and western areas did not have the same conditions. In order to better understand these regional heterogeneities of China, we analyzed the technology gap pertaining to environmental efficiency in the following section. Table 5 shows the TGEE based on Equation (10) for each province. The eastern area shows the lowest average TGEE value, indicating that it has the smallest technology gap relative to the other areas. For instance, the average TGEE for the eastern area in 2011 was 0.123, indicating that this area can improve its environmental efficiency by 12.3% when it can access metafrontier technologies. That means that the efficiency of the eastern area under group frontier technology is 87.7% of that under metafrontier technology. The average TGEE for the central and western areas is about 0.598 and 0.142, respectively, indicating a relatively large technology gap between the two technologies for these areas. The average TGEE for some provinces is unity in some years, indicating the "best practice" environmental performance under two technologies, and there is no technology gap between the two technologies in these years. From the above analysis, it can be seen that the Metafrontier Environmental Efficiency (MEEE) index from MSBM is lower than the group frontier environmental efficiency (GEEE) from SBM. This finding indicates that the group frontier environmental efficiency tends to overestimate the actual environmental efficiency. We employed the Wilcoxon-Mann-Whitney test not only to determine any significant differences between MEEE and GEEE, but also to determine any significant differences between areas. As shown in Table 6 , the results reject the null hypothesis at the 1% level, indicating a significant difference between the two environmental efficiency values and a significant difference between the eastern and other two areas. 
Meta-Technology Gap Ratio
Economic Efficiency vs. Environmental Efficiency
In this sub-section, we examine the differences between economic and environmental efficiency. The economic efficiency is defined as the efficiency value without considering environmental undesirable outputs based on the metafrontier SBM model. To estimate economic efficiency, we use capital stock (K), labor (L), and energy consumption (E) as inputs; the real GDP is used as the output. Thus, the economic efficiency measures the regional economic performance without considering environmental factors. Figure 5 shows the results of average environmental efficiency and economic efficiency for China's regions; economic efficiency is higher than environmental efficiency. These results suggest that without incorporating environmental factors, the economic efficiency index overestimates the real sustainability efficiency value. From Figure 6 , it can be seen that the economic efficiency of the three areas has a U-shaped trend, with the turning point at 2006. Before 2006, which is the starting point of the 11th Five-Year Plan, China's economic growth was fueled by energy-intensive heavy industry and infrastructure building, which required enormous amounts of energy. Since then, the Chinese government announced the goal of a 20% reduction in energy intensity between 2006 and 2010. Therefore, the government's stricter energy regulations likely increased the economic efficiency. The eastern area shows the highest economic efficiency, while the western area shows the lowest. The eastern area enjoys both high economic efficiency and environment efficiency. The Chinese government can thus allocate more of the capital derived from economic growth to environmental governance. The western area is well known for its rich natural resources, but has lagged well behind the other areas in terms of economic development due to its lack of infrastructure. Thus, this area has both the lowest economic efficiency and environmental efficiency. These gaps in regional economic and environmental efficiency indicate that the Chinese government needs to promote different types of environmental and economic policies for different areas to reduce technology gaps, aiming at filling the missing links for sustainable development. 
Concluding Remarks
This paper proposed a Metafrontier Environmental Efficiency (MEEE) index based on the slack-based metafrontier model. This new approach investigates the change in environmental efficiency, incorporating group heterogeneities, slacks, and undesirable outputs into environmental efficiency analysis. Global environmental technology is also incorporated into the approach to improve the discriminating power of efficiency measurement. We conducted an empirical study of environmental efficiency for different Chinese regions for data spanning 2000-2011. The empirical results can be summarized as follows. First, most of the provinces showed weak environmental efficiency and showed potential to improve environmental efficiency; the current overuse and excessive discharge of pollutants are the main cause of inefficiency. Second, the eastern area showed the highest environmental efficiency, followed by the central area; the western area showed the worst environmental efficiency. Thus, the eastern area represented the best practices under metafrontier technologies. This observation was also supported by the environmental Kuznets curve hypothesis and Porter Hypothesis. Third, the eastern area showed the best environmental efficiency and all three areas showed an increasing trend of environmental efficiency after 2005. This confirms that the implementation of sustainable development policy in the 11th Five-Year Plan has had significant effects in all three areas. Finally, the eastern area showed the smallest technology gap, followed by the western and central areas. After 2005, the eastern area showed the smallest technology gap, whereas no such gap reductions were evident in the other areas. This indicates that the western and central areas failed to mitigate the technology gap, whereas the eastern area continued to improve.
The study shows that environmental efficiency shows significant regional heterogeneity in China. These findings suggest that the Chinese government should implement and promote heterogeneous policies to improve the environmental efficiency of central and western areas, especially the sustainable development of western areas. It is necessary for all regions, according to their unique economic development and environmental conditions, to increase environmental efficiency. The central and western government should enhance their R&D investment to reduce the technology gap and allocate a reasonable amount of fixed capital to undertake environmentally friendly industries from the eastern area to improve sustainable development. Furthermore, the central government can make sustainable development policy in the New Year Plan to enable environmental efficiency and avoid serious contamination of the environment.
